The murine Unp gene encodes a widely expressed ubiquitin-speci®c protease. The predicted sequence of the UNP protein features motifs common to viral oncoproteins through which these proteins interact with the retinoblastoma gene product pRb, as well as the related`pocket proteins' p107 and p130. We have explored the possibility that UNP interacts with pocket proteins, and report here that such associations can be detected in vitro and in cells. Associations of UNP and pocket proteins are sensitive to site-directed mutations in a manner directly analogous to those documented in viral oncoproteins. We conclude that within cells UNP does physically associate with pRb, and can also associate with p107 and p130. Oncogene (2001) 20, 5533 ± 5537.
The pRb tumor suppressor protein plays a central role in the regulation of the G1 to S phase transition of cell cycle, its function mediated through interactions with several cellular proteins (reviewed in Grana et al., 1998; Lipinski and Jacks, 1999) . Binding of associated proteins to pRb can occur in dierent binding domains of pRb, but most proteins bind the`pocket' region, which is composed of two domains, A and B, separated by a spacer region (Lipinski and Jacks, 1999) . Proteins binding the pocket tend to interact through CR domains, ®rst discovered in the viral oncoproteins adenovirus E1A (Whyte et al., 1989) , SV40 large T antigen (DeCaprio et al., 1988) , and HPV E7 (Dyson et al., 1989) but subsequently identi®ed in cellular proteins, including RBP1 (Fattaey et al., 1993) , RBP2 (Fattaey et al., 1993) , and RIZ (Buyse et al., 1995) . Cell cycle transitions are rendered irreversible by the destruction of key molecules through ubiquitinmediated proteolysis (reviewed in Hoyt, 1997; Koepp et al., 1999) . Relevant proteins regulated by this pathway include the cyclins (Diehl et al., 1997; Glotzer et al., 1991) , Cdk inhibitors (Carrano et al., 1999) and p130 (Smith et al., 1998) , a member of the pRb family. Under normal conditions pRb does not appear to be a substrate of ubiquitin/proteasome pathway, but it may be directed into the proteolytic pathway by viral proteins (Boyer et al., 1996) . Some pRb-binding proteins are known substrates of the ubiquitin proteolytic system, including c-myc (Gregory and Hann, 2000) , E2F-1 (Hofmann et al., 1996) and E2F-4 (Hateboer et al., 1996) . Unp encodes a ubiquitinspeci®c protease (Ubp) that in some circumstances can promote oncogenesis (Gupta et al., 1994) . As is the case for most of the ubiquitin-speci®c proteases, the number and identity of UNP's substrates and the mode of its regulation are unknown. In an eort to identify UNP interacting proteins (which could be either substrates or regulators) binding studies were undertaken. Having previously noted the presence of sequences related to viral oncoprotein CR domains in the UNP protein sequence (ibid, Figure 1a ), we were particularly interested in the possibility that UNP physically interacts with pRb, and/or the related pocket proteins p107 and p130.
GST fusions of myc-tagged UNP and mutants thereof were generated, puri®ed from a bacterial expression system and incubated with metabolicallylabeled NIH3T3 cell lysates for GST pull-down experiments. Consistent UNP-interacting bands were observed ( Figure 1c ) for both wild-type and catalytically inactive UNP, demonstrating that associations exist that do not require catalytic activity. One such band was detected at approximately 100 kDa. The apparent molecular mass of this band together with the presence of the LxCxE motif in UNP (Gupta et al., 1994) suggested that it might be pRb. The pull-down experiment was repeated with non-labeled cell lysates and the interacting proteins were probed with an antipRb antibody ( Figure 1e ). As seen in Figure 1e , the interaction of UNP with pRb was found to require the LxCxE motif. Substitution of the central cysteine residue in this motif abolished pRb association as had been previously demonstrated for the analogous residue in the adenovirus E1A LxCxE motif. This association was not speci®c to the mouse or to NIH3T3 cells in particular; identical results were obtained in lysates from murine p19 teratocarcinoma cells, human A431 epidermoid carcinoma cells, and human H1299 non-small cell lung cancer cells (data not shown). Further, in an independent body of work in the laboratory of Dr Michele Pagano, the in vivo, LxCxE-dependent association of UNP and pRb was detected in a distinct set of human cell lines (described in the accompanying report of DeSalle et al., 2001). GST fusions of myc-tagged wild type UNP, the Cys domain mutant of UNP, and the CR2 mutant of UNP were expressed in the TG1 strain of E. coli, induced at room temperature with 30 mM IPTG for 4 h, lysed in PBS+1% Triton+inhibitors and puri®ed with GSH agarose beads (Sigma). Expression levels were veri®ed by silverstaining an SDS ± PAGE gel. The GST-UNP band was detected at its predicted molecular mass of 170 kDa. (c) GST pull-downs of metabolically labeled NIH3T3 cells. 100 mm dishes of *80% con¯uent cells were labeled with 200 mCi/ml of 35 S methionine/cysteine (Promix, Amersham) for 5 h at 378C and were lysed in lysis buer (20 mM Tris pH7.5, 150 mM NaCl, 2 mM DTT, 1% Triton X-100, 5% glycerol, 2 mM each of NaF and NaPPi, 500 mM sodium vanadate, 200 mM PMSF, 5 mg/ml leupeptin, and 2 mg/ml aprotin). Following an overnight pre-clearing of the lysates with GST-beads, they were incubated with fusion-beads for 2 h at 48C. The fusion beads were then extensively washed and binding proteins migrated on an SDS ± PAGE and visualized by autoradiography. Arrows to the right indicate bands that are consistently seen in the UNP fusion lanes but absent in the GST alone control lane. Gilchrist, Australian National University, 1998). Association of bacterially produced UNP and pRb was abolished by mutation of the UNP LxCxE motif (ibid).
Because pRb belongs to a family of proteins that includes p107 and p130, we tested for possible interaction of Unp with these pocket proteins. As seen in Figure 2 , both p107 (b) and p130 (c) interact with UNP, although with dierent requirements for the CR domain LxCxE motif than pRb. Interactions of mutant UNP with the pocket proteins are summarized in D. No interactions were detected with either E2F-1 or cyclin D1 (data not shown).
The UNP ± pRb interaction occurs in an endogenous complex, but not an abundant one. A weak interaction was detected in co-immunoprecipitations of untransfected H1299 cell lysates with an anti-UNP antibody (Figure 3a , long exposure), or with one of two antipRb antibodies tested (b, goat polyclonal lane). As expected from a low abundance complex, exogenous transfection of plasmids for these proteins increased the signal obtained (c, lane 3 versus lane 2).
It has been reported that only the hypophosphorylated form of pRb binds to E2F-1 (Helin et al., 1992; Shan et al., 1992) , a ®nding that has been incorporated into the popular model of pRb's function in the G1-S transition (reviewed in Nevins, 1998) . We have observed that UNP can interact with both hypo-and hyperphosphorylated forms of pRb as indicated by the doublet in Figure 3a (long exposure) . These data suggest a fundamental dierence in the interactions of UNP or E2F-1 with pRb. There are also major dierences in the manners in which the pocket proteins interact with UNP. The interaction of pRb requires only the CR2 domain LxCxE motif, whereas p130 can utilize either the CR1 or the CR2 domain. Our data suggest that p107 requires neither. The region of UNP involved in binding p107 is still unknown, but it is not the ®rst protein to which p107 binds outside the CR domains (Beijersbergen et al., 1994; Sala et al., 1996; Voorhoeve et al., 1999; Ginsberg et al., 1994) .
It is clear that Ubp enzymes do not function solely to recycle the cell's ubiquitin pools, with regulation of the ubiquitin pathway left entirely to the ubiquitin conjugating enzymes and ligases; it is now becoming apparent that Ubps also have roles in speci®c regulation of the pathway. Recent results from studies of the Drosophila Fat facet Ubp strongly suggest a role of maintaining higher levels of speci®c substrates by protecting those substrates from formation of a ubiquitin chain of threshold length for proteasomal targeting (Cadavid et al., 2000) . One can imagine a scenario in which the ubiquitin conjugating machinery and the deubiquitinating enzymes would possess opposing activities, resulting in an equilibrium that determines the net half-life of speci®c proteins. If a particular substrate is a protein involved in the cell cycle control, a change of abundance or activity of either the chain forming or cleaving activities might be sucient to stabilize an oncoprotein or inactivate a tumor-suppressor protein. We have demonstrated that UNP interacts with all three pocket proteins, but we think it unlikely that they are substrates of UNP. Rather we speculate that the pocket proteins serve as a bridge to bring UNP in contact with one or more proteins that also interact with the pocket proteins. Given the central role of pRb in cell cycle regulation it is conceivable that through such interactions abnormally high levels of UNP could signi®cantly aect the levels of critical protein substrates, whose increased abundance could lead to accelerated proliferation. In light of the pRb association we report here and our previous observation of elevated expression of UNP in primary human lung cancer samples (Gray et al., 1995) we believe this model deserves further exploration. The identity of UNP substrates amongst pRb-associated proteins is the focus of our current research. Figure 1c and immunoprecipitated with an anti-UNP rabbit polyclonal antibody (CSM-11, Zymed, 1/100 dilution) or an anti-E2F-1 rabbit polyclonal antibody (C-20, Santa Cruz, 1/ 125 dilution), then probed with an antibody to pRb. (b) Reciprocal experiment. H1299 cells were lysed, immunoprecipitated with a goat anti-pRb polyclonal antibody (C-15 goat, Santa Cruz, 1/100 dilution) or a murine anti-pRb monoclonal antibody (G3-245, Pharmingen, 1/100), then probed with the anti-UNP polyclonal antibody (Zymed CSM-11, 1/500). (c) Co-immunoprecipitation of UNP and pRb in transfected murine cells. NIH3T3 cells were transfected with a myc-tagged UNP plasmid with or without a pRb expression plasmid. UNP was immunoprecipitated using the mouse monoclonal antibody 9E10 against the myc epitope tag, and the precipitated proteins were probed with the anti-pRb monoclonal G3-245
